Abstract. Leptomeningeal glioneuronal heterotopia (LGH) is a developmental anomaly sometimes observed at the surface of human brains with severe malformations. We experimentally induced LGH in brains of rat pups by transplacental exposure to methylmercury. Histopathological profiles of the induced LGH, including the spatio-temporal predominance of the manifestation, suggest some aspects of the histogenesis of this malformation. Pregnant rats on embryonic day 8 (E8), E11, E13, E16, E18 or E21 were treated orally with a single administration of 20 mg/kg methylmercury chloride, and the brains of their delivered offspring were examined on postnatal day 7 (P7) and P28. The incidence of LGH varied significantly according to the treatment day: it was almost exclusively restricted to individuals treated on E13. Furthermore, all the induced LGH was confined to the subarachnoid space dorsal to the rhinal fissure, unilaterally or bilaterally. A part of the nest was connected to the underlying cortical surface of the lateral limbic area, where glia limitans and basal lamina were disrupted. Narrow stripes of disarrangement of cortical neurons underlying the bridges were observed. The P7 LGHs consisted mainly of neurons, some of which were GABA-immunolabeled, and a small number of astrocytes as well as endogenous blood vessels and fibroblasts.
INTRODUCTION
Leptomeningeal glioneuronal heterotopia (LGH) is a focal protrusion of CNS tissue from the brain surface into the subarachnoid space. It is a developmental anomaly sometimes observed in human brains with a great variety of congenital malformations (1) (2) (3) (4) . The nests of LGH have been frequently or extensively observed in holoprosencephaly (5), Fukuyama-type congenital muscular dystrophy (6) (7) (8) , and Walker-Warburg syndrome (9) . It shares features of cortical dysplasia in a proportion of surgically resected cerebral tissues from patients with intractable epilepsy (10) . A lesser extent of this type of malformed foci has been rarely identified in autopsy cases not associated with identifiable syndromes or obvious causes (1, 3) . Such dysplastic lesions usually consist of intermingling of ectopic neurons and glia, with a predominance of the latter, and endogenous meningeal elements. Based on histopathological investigations of massive LGH in type II lissencephaly (6) (7) (8) 11) , disruption of the pial-glial barrier has been postulated as a cause of this malformed focus. Some experimental studies have hitherto reported an induction of LGH or a similar accumulation of variable tissues in the subarachnoid space. Dissociated fetal brain tissue was transplanted into the cisterna magna of young and adult rats, and the tissue, including skeletal muscle, settled within the CSF space (12) . An injection of 6-hydroxydopamine (6-OHDA), the catecholamine neurotoxin, into the neonatal cisterna magna induced ectopia of external granule cells in the subarachnoid space covering the cerebellum by promoting degeneration of cerebellar pial fibroblasts (13) (14) (15) . Injection of 6-OHDA into the intraperitoneal cavities of E17 fetuses induced cerebral
LGHs in a proportion of brains examined when they reached maturity, with complete and long-lasting destruction of the noradrenergic innervation of the cerebral cortex (16) . Protrusion of glial tissue into the subarachnoid space was reported in brains with experimental allergic encephalomyelitis (17) . The nests of the leptomeningeal gliosis was covered by a common basal lamina continuous with that overlying the glia limitans, therefore it seems likely that the mechanisms of formation of the leptomeningeal gliosis were different from those involving LGH.
Previously, we performed an experiment to elucidate cytotoxic effects of transplacentally administered methylmercury (MeHg), an environmental pollutant, on the developing fetal rat brain in vivo (18, 19) . During the course of several preliminary trials with variable administration protocols, we identified LGH covering the cerebral cortex, initially as a chance-observation, in neonatal pups treated with MeHg in the mid-gestational period. It has been known that MeHg can disturb neuronal migration in experimental animals (20, 21) and in vitro (21, 22) . Therefore, we conducted a systematic study focused on the phenomenon itself and found that this experimental model can produce LGH in a restricted cerebral area accompanying cortical dysplasia underlying
LGH. Furthermore, we identified the susceptible embryonic period when this extrinsic insult can produce the malformation. In this paper, we describe the histopathological features of the LGH and induced dysplastic cortex and discuss the significance of the spatio-temporal appearance of the malformed focus in its histogenesis.
MATERIALS AND METHODS

Animals and Administration Procedures
Nine-week-old Wistar albino rats were housed in a room lighted between 0600 and 1800 hours (h). Virgin females were mated with males for approximately 8 h, from 2200 to 0600 h the next morning. Vaginal smears were examined from 0600 h under a light microscope, and the day when sperm were observed in the smear was taken as pregnancy day 1 (Prg1) and embryonic day 1 (E1). A solution of 340 mg methylmercury chloride (MMC; 98% purity, Nakarai Tesque, Japan) and an equimolar amount of L-cysteine (170 mg, Kanto Chemical, Japan) dissolved in 50 ml distilled water was prepared. It has been known that transport of MeHg into the brain is enhanced by L-cysteine infusion (23) . Between 1100 and 1300 h, we gave the pregnant rats a single oral dose of solution equivalent to 20 mg/kg MMC on Prg8, Prg11, Prg13, Prg16, Prg18, or Prg21 (n Ն 5; Table) through a stainless steel catheter. As a control, every 5 pregnant rats on each of Prg11, Prg13, and Prg16 were treated with an equivalent dose of cysteine only. The body weight and behavior of all mother rats were recorded daily throughout the gestation. The animals were allowed to come to term and the day of birth was taken as postnatal day 1 (P1). The condition of newly delivered pups was also recorded.
Histopathological Procedures
A proportion of the P7 offspring-at least 20 individuals delivered from 5 maternal rats of each group and 8 individuals from the controls-were deeply anesthetized by inhaled diethyl ether (Wako Pure Chemical, Japan) and killed by transcardial perfusion with 4% paraformaldehyde ϩ 0.1% glutaraldehyde in 0.1 M phosphate-buffered solution (PBS), pH 7.4 (Table) . The brain and spinal cord were removed and immersed in the same fixative for 24 h. An atlas of the rat brain with anatomical explanations of the terminology adopted by Swanson (24) was used to identify brain regions. Coronal sections of the cerebrum were made at the level of the frontal cortex-caudoputamen, hippocampus-amygdala, and occipital cortex-mesencephalon, which corresponded approximately to Swanson's levels 18, 26, and 36 (24) , respectively. Sagittal sections of the brain stem and cerebellum, and transverse sections of the spinal cord were prepared. The tissues were dehydrated in a graded ethanol series and embedded in paraffin wax. Four-m-thick serial sections were cut and stained with hematoxylin and eosin (H&E) or Klüver-Barrera (K-B) stains. On each of P28 and P70, an additional 10 individuals delivered from group III mothers were killed and brain sections made as described above.
Immunohistochemical studies were performed on the above paraffin-embedded sections by using the avidin-biotin-peroxidase complex (ABC) method with a Vectastain ABC kit (Vector, Burlingame, CA). For the primary antibodies, we used a monoclonal antibody against neuron-specific class III ␤-tubulin (TuJ1; BabCO, Richmond, CA; 1:300) and microtubule-associated protein 2 (MAP2; ICN Immunologicals, Costa Mesa, CA; 1:300), and a rabbit polyclonal antibody against glial fibrillary acidic protein (GFAP; Dakopatts, Glostrup, Denmark; 1:500), ␥-aminobutyric acid (GABA; Sigma, St. Louis, MO; 1: 50,000), laminin (Dako; 1:50), and phosphorylation-independent (TAU2; Sigma; 1:2,000) and phosphorylation-dependent epitopes of tau protein (AT8; Innogenetics, Ghent, Belgium; 1: 200). The chromogen reaction was developed with 0.02% DAB and 0.05% H 2 O 2 in 0.05 M Tris•HCl buffer, pH 7.6, for 10 min.
For electron microscopy, randomly chosen P7 pups (n ϭ 12) from group III were killed similarly with 3% glutaraldehyde ϩ 0.1% paraformaldehyde in 0.1 M PBS (pH 7.4). We cut coronal sections of the lateral half of the cerebral hemisphere at the level of the frontal cortex-caudoputamen and hippocampusamygdala (Swanson's levels 18 and 26, respectively). The sections were post-fixed with 1% osmium tetroxide, dehydrated through a graded ethanol series, and embedded in Epon 812. Several semithin sections, 1 m thick, were cut from the block samples and stained with toluidine blue and safranin. Sections were examined by light microscopy to identify LGH. Then ultrathin sections, 80 nm thick, were cut from the selected samples, stained with uranyl acetate and lead citrate, and examined with a Hitachi H-7100 electron microscope at 75 kV.
BrdU Injection and Detection of Labeling
To clarify the distribution pattern of neurons as a consequence of their migration, we labeled cycling cells with 5-bromo-2-deoxyuridine (BrdU), according to the method described elsewhere (25) . A solution of 68 mg BrdU (Sigma) dissolved in 10 ml saline was freshly prepared and maintained at 37ЊC. We injected an amount of the solution equivalent to 20 mg/kg of BrdU intraperitoneally into another series of mother rats on Prg13 (n ϭ 10) 1 h following the administration of MeHg. As a control, untreated dams were injected with BrdU on Prg13 (n ϭ 5). A proportion of the offspring delivered from the mothers of both groups were killed by the method described above on P7 and P28 (n ϭ 10 for both days). To detect labeled cells, we performed immunohistochemistry on paraffin-embedded coronal sections of the cerebrum with anti-BrdU mouse monoclonal antibody (Chemicon, Temecula, CA; 1:2,000). The deparaffinized sections were incubated with 2 N HCl for 30 min, neutralized with 0.1 M Na 2 B 4 O 7 , and digested with 0.01 % trypsin for 30 min at 37ЊC. Then the sections were processed as described above by ABC and DAB. Alternatively, as a secondary antibody, we used rhodamine-conjugated goat anti-mouse IgG (Southern Biotechnology Associates, Birmingham, AL; 1: 2,000). The sections were incubated in the primary and secondary antibodies in the presence of 10% normal goat serum (Sigma), 10% normal lamb serum (PAA Laboratories, Linz, Austria), and 0.1% Triton X-100 in PBS at 4ЊC overnight, with PBS rinses in between. For analysis of distribution patterns of the labeled cells, we first took a series of light micrographs of the lateral limbic area of the selected sections and then converted the pictures to digital images using a Polaroid Poloscan 35. Schematic drawings of the distribution were carried out on the images transferred into a Power Macintosh G3, using Adobe Photoshop 4.0 and MacDraw Pro 1.5J software.
RESULTS
The mothers in groups I, II, and III showed slight loss of body weight (Ͻ7%) and hypoactivity on the day following administration, but their weight recovered and they showed no other symptoms. The mothers in groups IV, V, and VI and the controls showed no overt signs or weight loss. All the mothers delivered offspring on the expected date of parturition (Prg23), and all the offspring grew up with no neurological symptoms.
Leptomeningeal Glioneuronal Heterotopia (LGH)
There were no gross abnormalities-neither hydrocephalus nor microcephaly-in any brains on P7. We found LGH in some brains of the offspring of groups II, III, and IV, which had been exposed to MeHg in midgestation. However, the incidence of LGH was apparently varied among these groups. Strikingly, LGH was found in a substantial proportion (approximately 34%) of the offspring of group III (treated on E13), but in only a small number of the offspring of groups II and IV (Table). No LGH was found in groups I, V, or VI or in the controls. Most cortical neurons are generated between E13 and E21 in the rat cerebrum (26) . Therefore, the most susceptible period of the developing brain to LGH by extrinsic insult coincided with the initial stage of neurogenesis.
All observed foci of LGH were located in the subarachnoid space of the ventrolateral portion of cerebral hemisphere, just dorsal to the rhinal fissure (Fig. 1A) , corresponding to the lateral limbic area (26) and to the visceral, ventral temporal association, or ectorhinal areas (24) . The LGH were usually unilateral, without hemispheric predominance, but occasionally were bilateral and symmetric. They varied in size: relatively large ones were connected to the underlying cortical surface of the lateral limbic area with multiple bridges (Fig. 1B, C) ; small ones had a single bridge to the cortex (Fig. 1D) . The volume of LGH and the number of bridges seemed to be correlated. The pia mater at the junction of the bridges was discontinuous. In some cases, longitudinally cut blood vessels were found at the bridges, their predominant direction perpendicular to the cortical surface (Fig. 1C) . The nest of LGH consisted predominantly of neurons, and of a small number of astrocytes, blood vessels, and fibroblasts (Fig. 1B-D) . The neurons within the LGH had a large nucleus, prominent nucleoli, and an apical dendrite (Fig. 1E) . They sometimes lay parallel to the brain surface, with elongation of their apical dendrites perpendicular to the direction of columnar arrangement of the cortical neurons.
A large proportion of the cells within the LGH were immunolabeled by TuJ1 antibody (Fig. 1F) , a marker of postmitotic neurons (27) , and some cells were labeled by MAP2 antibody (Fig. 1G) , both indicating neuronal differentiation. A small proportion of neurons within the LGH were immunolabeled by anti-GABA antibody (Fig.  1H) , and some other cell components were labeled by GFAP antibody (Fig. 1I) . Laminin immunohistochemistry showed discontinuity of the basal lamina of the pia mater at the junction of the bridges (Fig. 1J ). There were no apparent abnormalities in other regions of the cerebrum, cerebellum, brainstem, or spinal cord.
An ultrastructural investigation disclosed that neurons at the bridges between the superficial layer of the cortex and the LGH were arranged radially, whereas neurons within the LGH were distributed in an undirected fashion ( Fig. 2A) . At the bridges, radially oriented fibers were surrounded by extracellular space (Fig. 2A) . There was no limiting membrane covering the nest of LGH. At the junction of the bridge, both the glia limitans and basal lamina were disrupted, and the ends of the disrupted basal lamina were always turned up shortly to the direction of the subarachnoid space covering the surface of the overmigrating neurons (Fig. 2B) . In contrast, the glia limitans and the basal lamina at the surface of the cortex close to the bridges were well preserved (Fig. 2C) . The neurons located within the LGH contained mitochondria, rough endoplasmic reticulum, and intermediate filaments, and a proportion of their apical dendrites were elongated parallel to the brain surface, perpendicular to the direction of columnar arrangement of the cortical cells (Fig. 2D ). There were many neuronal processes within the LGH containing microtubules and intermediate filaments (Fig.  2E) . Sometimes, synapses with round vesicles were found within the LGH (Fig. 2F) . Basal lamina-like electron-dense structures were sometimes observed around cell-processes, even away from the junction of the bridges (Fig. 2G) . A few Retzius-Cajal cell-like cells (28) showing dark cytoplasmic ground substance and tightly packed organelles were found within the LGH ( Fig. 2A) and in the superficial layer of the adjacent cortex. We also examined the brains of group III offspring when they reached maturity. In 6 of 20 adult brains on P28 and P70, LGH was also identified in the lateral limbic area. In contrast to the LGH in the P7 brains, adult LGH contained only a small number of neurons and was composed mainly of astrocytes (Fig. 3A, C) labeled by GFAP antibodies (Fig. 3B, D) . In human LGH observed in 3 elderly individuals at autopsy, neurofibrillary degeneration was found in the component neurons (29) . However, immunohistochemistry with tau antibodies in our rat study disclosed no cytoskeletal abnormalities in the remaining neurons within the adult LGH (data not shown).
Cortical Dysplasia
In cases with relatively large LGH and multiple bridges, we observed narrow stripes of marked disarrangement of cortical neurons underlying the bridges (Fig. 4A) . In the stripes, bundles of radially oriented fibers and irregularly positioned pyramidal neurons along the fiber stream were seen in roughly the upper-half of the cortex. BrdU-immunohistochemistry performed on P7 brains revealed that the neuronal nuclei within the LGH had a variable intensity (Fig. 4B) . This evidence suggests that neurons within the LGH had been generated from the neuroepithelial cells following variable cycles of cell division. The presence of some nuclei with the strongest intensity (Fig. 4B) implied that at least a small proportion of neurons within the LGH had been generated on E13. Further investigation of P28 brains disclosed that the labeled cells in the lateral limbic area underlying the LGH were distributed widely throughout the entire thickness of the cortex (Fig. 4C) . On the other hand, labeled cells in the same area of the controls showed a tendency to accumulate in deeper layers of the cortex (Fig. 4D) . Figures 4E and 4F depict distribution patterns of strongly labeled cells in the cortex of the MeHg-treated and untreated rats, respectively. 
DISCUSSION
This model is the first clear demonstration of the experimental induction of LGH. The significant spatio-temporal predominance of the manifestation gives some clues to the mechanism of its development.
MeHg is a highly neurotoxic environmental pollutant that can affect the fetus (30) . In the tragic accidents at Minamata and Niigata, Japan, and subsequently in Iraq, many infants were congenitally affected by MeHg. Even now, MeHg is a major environmental problem, since it accumulates in the aquatic food chain and consequently creates a risk to the human brain, especially that of a fetus (31) . Histopathological examinations of Japanese victims of congenital poisoning have revealed widespread and severe neuronal degeneration in the CNS (32) (33) (34) . In Iraqi cases, abnormal neuronal migration resulted in neuronal heterotopia and disorientation in the cerebrum and cerebellum (35) . The differences between the infantile Japanese and Iraqi cases might be explained by prolonged, low-dose exposure in the Japanese infants (32), but high-dose exposure in a relatively restricted period of gestation in Iraqi infants (21, 35) . In both humans and animals, MeHg readily passes to the fetus through the placenta (36) (37) (38) . We previously reported widespread neuronal degeneration in the fetal rat brain induced by consecutive administration of low-dose MeHg to mother rats before and throughout pregnancy (18) . The offspring had impaired higher brain function at maturity (19) . That procedure was designed to simulate the natural course of human fetal-type Minamata disease in Japan. On the other hand, the procedure we used in this study simulated the condition of the Iraqi accident: pregnant mothers exposed to high doses of MeHg for a short period of their gestation.
LGH was identified in autopsied Iraqi victims who were considered to be exposed to MeHg for about 10 wk of their intra-uterine life during the second and third months of gestation (35, 37) . This study showed that E13 was the most susceptible period for the induction of cerebral LGH in rats (Table) . The E13 rat brain corresponds approximately to weeks 5 to 6 of human gestation, based on major gross anatomical and histological features of brains (39) . Thus, the most susceptible day for LGH induction in our rat model corresponds well with the human embryonic period when MeHg poisoning induces LGH. It seems likely that, in both humans and rats, certain pivotal events in cortical histogenesis at this initial stage of neurogenesis might be disrupted by MeHg, resulting in LGH manifestation. This temporal significance for LGH manifestation agrees with an investigation of brains of New Zealand black mice, which develop severe autoimmune disease, in which spontaneous LGH can be present by E14-E15 (40) .
It is noteworthy that the LGH was always localized in the subarachnoid space of a spatially confined region, the lateral limbic area (Fig. 1A) . It seems unlikely that the restricted appearance of the LGHs is a coincidence. Several studies have demonstrated differential cortical histogenesis between the ventrolateral area and the dorsomedial cortex. Findings in sequential-survival [ 3 H]thymidine autoradiograms in rats showed that neurons generated in the dorsal ventricular zone migrate tangentially through the lateral cortical stream and reach the overlying ventrolateral cortex (26) . This distinct manner of lateral migration of the cortical neurons has been inferred after tracking the dispersal of clonally related cells in the mouse cortex after retroviral infection (41) . Concerning the anterior-posterior gradient of neurogenesis, it is also known that the neocortex and the lateral limbic cortex show distinct patterns. Unlike the neocortex, where there is an older-anterior to younger-posterior gradient in nearly all areas, the lateral limbic cortex shows either a sandwich pattern, where older neurons are flanked anteriorly and posteriorly by younger neurons, or an older-posterior to younger-anterior gradient (26) . Therefore, it is possible to consider that the mechanisms of LGH formation in the present model might be closely associated with the specific pathway and manner of cell migration to this area. Furthermore, recent studies with DiI tracing have suggested that a subset of neurons in the lateral cortex originate from the underlying ganglionic eminences-the primordia of the striatum-and migrate into the cortex by crossing the structures (42) (43) (44) . They can differentiate into GABA-expressing interneurons (44) . The precise migration pathways of cells incorporated into the LGH are unclear. However, we found that a small number of neurons in the LGHs were immuno-positive for anti-GABA antibody (Fig. 1H) , which suggests that they had traversed the ganglionic eminences.
In cases of LGH with multiple bridges, stripes showing cortical dysplasia were apparent underlying the bridges (Fig. 4A) . The laminar architecture between the stripes was relatively well formed. This feature seems to fit the notion that development of the glia limitans and early maturation of the molecular layer are critical to the subsequent growth and development of the cortical plate (2, 6, 7, 45) . To obtain further insight into the final distribution of neurons as a consequence of migration, we gave a BrdU injection following MeHg administration, both on E13, and performed BrdU-immunohistochemistry on P28. The observed distribution pattern of the BrdU-labeled cells in the controls (Fig. 4D, F) were compatible with the data from studies with [ 3 H]thymidine autoradiograms in rats, in which the earliest neurons reached to the lateral limbic area were born on E13 and they showed a tendency to locate in the layer V of the cortex (26) . Furthermore, we found that cells with variable intensity were distributed abnormally (Fig. 4C, E) . Thus, cortical dysplasia was accompanied by the formation of LGH.
Our ultrastructural investigation of the LGHs disclosed that radially oriented fibers extruded into the subarachnoid space through a defect of the glia limitans, but that, once across the bridges, these fibers seemed to lose such orientation ( Fig. 2A) . At the junction of the bridges, the basal lamina was always separated from the glia limitans and turned toward the subarachnoid space (Fig. 2B) . In view of this finding, we speculate that a fragile pia mater or a small pit in the pia mater had been formed, and migrating neurons penetrated the glia limitans and basal lamina. It seems less likely that an aperture had existed in the pia mater before the neurons reached the cortical surface. We sometimes observed basal lamina-like, electron-dense structures covering cell-processes within the LGH, even away from the junctions of the bridges (Fig.  2G) . With respect to the heterotopic location of the cellelements, it appears possible that the endogenous mesenchymal tissue may play an important role in the formation of the structures. This reaction seems to be common in both animals and humans. Indeed, we previously observed similar structures in autopsied human brains: in an incidentally identified LGH of an infant, and in tumor tissue of primary leptomeningeal glioma (46) .
The morphological, immunohistochemical, and ultrastructural profiles of the cells within the P7 LGH showed that the predominant cellular component of the heterotopia were neurons. In addition to neurons, we observed a small number of GFAP-immunoreactive astrocytes in the P7 LGH (Fig. 1I) . Most glial cells of the forebrain are generated in the perinatal period from progenitors in the subventricular zone (SVZ): the wave of gliogenesis follows that of neurogenesis, for the most part (47) . Concerning the migration of the glial progenitors, recent studies with retrovirus labeling of the SVZ cells have shown that the postnatal progenitors seem to migrate along the scaffolding of radial fibers, at least in part (48, 49) . This migration pattern of glial progenitors seems similar to that followed by immature migrating neurons (50, 51) . Therefore, in this study it seems likely that first immature neurons and then glial progenitors migrated through the same path and invaded the subarachnoid space. In contrast, it seems unlikely that multipotent progenitors migrated and differentiated bipotentially into both neurons and astrocytes in situ. Alternatively, there is a possibility that some of the astrocytes in the LGH come from the radial glia (50, 51) , which have been considered to transform into astrocytes in the superficial layer of the cortex (52) .
To assess the final fates of cells extruded into the heterotopic foci, we further investigated the adult brains of group III offspring. Although the identified LGH in the adult brain contained both neurons and astrocytes, we found that the ratio of such cell types in the mature LGH was the reverse of that in the developing LGH-the adult LGH composed mainly of astrocytes (Fig. 3) . This resembles the situation in human LGH, in which astrocytes rather than neurons are the main constituents. This evidence might imply that neurons extruded in the subarachnoid space are apt to die, presumably by apoptosis, but that astrocytes in situ remain in the LGH. A full understanding of how such heterotopic circumstance leads to neuronal and glial fates will require further study.
Human LGH can occur both genetically, as in Fukuyama-type congenital muscular dystrophy (53) , and through extrinsic insult as in alcohol syndrome (54) . Thus, the induction of LGH is determined by multiple causes. The primary morphological alteration associated with LGH formation and the migratory pathway of cells toward the subarachnoid space remain to be elucidated. However, this study provides evidence suggestive of several aspects of histogenesis of LGH. This experimental model could be a useful tool for research on the pathomechanism of the malformation in humans.
